Abstract. The goal of the Boreal Ecosystem-Atmosphere Study (BOREAS) is to improve our understanding of the interactions between the boreal forest biome and the atmosphere in order to clarify their roles in global change. This overview paper describes the science background and motivations for BOREAS and the experimental design and operations of the BOREAS 1994 and BOREAS 1996 field years. The findings of the 83 papers in this journal special issue are reviewed. In section 7, important scientific results of the project to date are summarized and future research directions are identified.
BOREAS data set will be initiated in late 1997. Other work from BOREAS has been published elsewhere, notably in a special issue of Tree Physiology [Margolis and Ryan, 1997] . This overview paper describes the BOREAS experiment, reviews the constituent papers of the special issue, summarizes the important results of work done to date, and identifies future research directions.
Science Background
The interactions between the boreal forest and the atmosphere can be grouped into physical climate system processes, carbon and biogeochemistry, and ecology (see Figure 1 ). These are discussed in turn below, with particular emphasis on the issues addressed by BOREAS.
Physical Climate System
At the present rate of increase, atmospheric CO2 concentration will double before the end of the next century [Houghton et al., 1995] . Climate simulations made with AGCMs point to large temperature increases in the northern high-latitude continental interiors [Schlesinger and Mitchell, 1987; Houghton et al., 1995; Sellers et al., 1996a] , partly due to projected changes in the polar sea ice climatology and snow-albedo feedbacks. A significant warming trend was observed in the boreal zone during the 1980s and early 1990s, reaching 1.25øC per decade within the Canadian interior [Chapman and Walsh, 1993] . Keeling et al. [1996] analyzed time series of atmospheric CO2 concentrations to show that this warming may have led to a lengthening of the approximately 150-day growing season by about 6 days at higher latitudes. Keeling et al.'s [1996] result has recently been supported by analysis of a global satellite data record which suggests that the growing season and photosynthetic activity increased over large areas of Europe, northern Eurasia, Alaska, and Canada for the same period [Myneni et al., 1997] .
The land surface parameterizations (LSPs) and surface parameter sets used in AGCMs have improved considerably over the last decade [Sellers et al., 1997] . Climate models use many of the same formulations, submodels, and parameters as numerical weather prediction (NWP) models; the latter also benefit from a continuous process of operational verification. Recent experience has shown that the results of large-scale field experiments are usually transferred first to NWP models [Betts et al., 1993 [Betts et al., , 1996 [Betts et al., , 1997 [Betts et al., , 1998 ] and later to climate models [Sellers et al., 1995a [Sellers et al., , 1997 . In any case, if a process submodel is responsible for systematic errors in an NWP model, it will certainly lead to even larger biases in a climate model which is not reinitialized at short time intervals. Analyses have demonstrated that until very recently, even the best NWP models consistently overpredicted the evaporation rates and specified unrealistic winter albedo fields over the boreal region with serious consequences for forecasting skill [Sellera' et al., 1995b; Betts and Ball, this issue]. The reasons for these errors were directly connected to misrepresentations of important biophysical processes in LSPs, for example, controls on evapotranspiration, and inaccuracies in specifying model parameters, such as the extent, type, and density of forest biomes. The main aims of the physical climate system component of BOREAS were therefore to provide data which could be used (1) to improve and validate LSPs and (2) to enhance methods for deriving parameter fields from satellite observations, which are the only feasible, consistent means of providing global surface data sets. NWP models have already benefited from this work, and climate models are expected to benefit in due course.
Carbon and Biogeochemistry
The physical climate system is strongly coupled to the global carbon cycle. Temperature and precipitation anomalies have been compared with seasonal variations in atmospheric CO2 concentration and isotopic analyses to show that warm years over the northern continents are associated with a net terrestrial carbon sink, while cold and/or dry years are associated with a net source of terrestrial carbon [Keeling et is vast, between 12 million km 2 [Whittaker and Likins, 1975] and 20 million km2; the latter figure we compute from the the entire boreal zone, or into the future from a couple of years worth of data, necessitates a deeper understanding of the climatological and physiological processes controlling carbon uptake, respiration, and fire frequency, how such processes depend on soil and land cover type, and how they might be affected by change. From the outset an important objective of BOREAS was to acquire the data needed to improve terrestrial carbon models for the boreal region. In particular, data are needed to improve our understanding of the dependence of carbon fluxes on physical climate variations and to develop methods for extracting useful parameters from satellite data.
Ecology
Carbon sequestration in the boreal ecosystem amounts to the relatively small difference between gains from photosynthesis and losses due to respiration in the plants, roots, and soils. For roughly the past 8000 years after the last glaciation, the boreal ecosystem has been accumulating carbon in its soils, particularly in deep layers of organic peat where soil organic matter accumulates under water-saturated conditions. Harden et al. [1992] place historical carbon accumulation rates in these peat soils in the range of 10-50 g C m 2 yr -• through surface moss production, fine root turnover, and litter fall. On shorter timescales, primary carbon storage mechanisms appear to be in aboveground standing biomass. The progressive warming that occurred during the 1980s and early 1990s could have altered rates of photosynthesis, soil respiration, and fire frequency in the region. In addition to driving changes in the ecophysiology of the biome, continued warming could eventually alter the spatial structure of the boreal ecosystem. There have been several attempts to map the future extent of the northern biomes based on the projected warming and drying regime due to a "doubled-CO2" climate. Some of these suggest that the North American boreal forest would move north and perhaps split into two halves: one in Alaska and the Canadian Northwest and the other in the Canadian Northeast [Rizzo and Wiken, 1992] . Such changes may themselves have significant feedbacks on the climate system through changes in winter albedos and energy fluxes over the altered land surfaces. The earliest discussions about BOREAS recognized the importance of the issues reviewed above; they also recognized how these issues are mutually dependent and that an integrated experimental strategy that addressed all three disciplines offered the most profitable scientific approach (see Figure 1) . BOREAS, however, has served to elaborate and sharpen the detailed questions related to these issues and has provided partial resolution to many of them.
Experimental Objectives
BOREAS was designed to bridge a wide range of spatial scales because some of the important governing processes can only be studied at very small spatial scales (e.g., the links among leaf biochemistry, spectral properties, and photosynthesis), but ultimately, the scientific gains must be applied within the context of AGCMs, carbon cycle models, or similar largescale studies. A multi-scale-nested design was developed which permits knowledge at one scale to be translated and compared to that obtained or inferred at different scales (see Plate 1). The governing objectives of BOREAS can be stated as follows:
1. Improve the process models that describe the exchanges of radiative energy, water, heat, carbon, and trace constituents between the boreal forest and the atmosphere. The approach here was to measure the fluxes of energy (radiation, heat) and mass (water, CO2, and radiatively important trace gases) at several scales along with observations of the ecological, biogeochemical, and atmospheric conditions controlling them. Data collection schemes were designed to support development and testing of process models that will be applied to the global change issues described above. The field observations that support process model development include measurements of water, CO2, and trace gas fluxes at the small plot or leaf scale (chambers, porometers), the stand scale (towermounted eddy correlation and profile instrumentation), and the mesoscale and regional scales (airborne eddy correlation; meteorological measurements and analyses). At the smaller length scales, these measurements were coordinated with a series of ecological, meteorological, and edaphic observations to link these fluxes to appropriate state variables (see Plate 1).
2. Develop methods for applying the process models over large spatial scales using remote sensing and other integrative modeling techniques. The process studies described in objective 1 above were coordinated with remote sensing investigations using satellite, airborne, and surface-based instruments that focus on methods for quantifying critical state variables. These remote sensing studies, combined with mesoscale meteorological studies, will allow us to scale up and apply process models to regional and ultimately global scales. Some largescale validation techniques were incorporated in the experiment design to test scale-integration methods directly; these techniques included airborne flux and profile measurements, meteorological observations, and modeling.
Experiment Design and Resources
The objectives of BOREAS relate to two spatial scales that had to be reconciled within the experiment design. The primary focus of objective 1 is most easily addressed by local-scale (a few centimeters to a few kilometers) process studies that involve detailed, coordinated in situ observations. These localscale studies had to be connected to the larger-scale measurement and analysis tools associated with objective 2, which was directed toward defining regional-scale (10-1000 km) fluxes and states. In BOREAS, as in previous field experiments such as the First ISLSCP (International Satellite Land Surface Climatology Project) Field Experiment (FIFE) [Sellers et al., 1992a; Hall and Sellers, 1995] and the Hydrological Atmospheric Pilot Experiment-Sahel, HAPEX-Sahel [Goutorbe et al., 1994] , the science team adopted a nested multiscale measurement strategy to integrate observations and process models over the scale range, as shown in Plate 1.
The resolution of global AGCMs, of the order of hundreds of kilometers, defined the largest spatial domain in BOREAS, the 1000 x 1000 km BOREAS region shown in Plate 1. This was the domain for meteorological and satellite data acquisition and large-scale modeling. Since it is impractical, even with aircraft, to measure surface-atmosphere fluxes over areas larger than a few tens of kilometers on a side, another scale of investigation was set at about 50 x 50 km which corresponds to the two BOREAS study areas (Plate 1 and Figure 2 ). These two study areas were placed near the northern and southern ecotones of the biome in order to study important processes associated with the controlling factors (temperature in the north, moisture in the south) which are most likely to undergo significant change within the biome as a whole. The northern study area (NSA) and the southern study area (SSA) were located near Thompson, Manitoba, and Prince Albert, Saskatchewan, respectively. The study areas are about 500 km apart, sufficiently far apart to resolve the ecological gradient while permitting the routine ferry of research aircraft and people between them. The study areas themselves were small enough to be characterized by using surface and aircraft measurements, yet large enough to test scaling hypotheses using models and remote sensing imagery. Within each study area, water vapor, heat, and CO2 fluxes were measured at the local scale (about 1 km) using eddy correlation equipment mounted on "flux" towers (five in the NSA, six in the SSA) which were located in patches of relatively homogenous vegetation and soils. Three boreal forest dominants were characterized by these tower flux (TF) measurements: black spruce, jack pine, and aspen. Two wetland fens, one in the NSA and one in the SSA, and beaver ponds in the NSA and SSA were equipped with smaller towers (Figure 2 ). The tower-based measurements have been compared with aircraft flux data (up one scale level) and with the biophysical characteristics of the constituent vegetation in the patch as defined by small-scale measurements made at small plots (down one scale level). Because these few TF sites could not capture the range of variability in the region, an additional 70 auxiliary sites (marked as category 3 sites in Figure 2 ) were selected, stratified by species type, productivity, and age. In these small (approximately 100 x 100 m) sites, biometry and optical techniques were used to measure biomass density, leaf area index, net primary productivity (NPP), litter fall, etc. While process models will be tuned by using primarily the tower flux data, the auxiliary sites can be used as independent test sites for process model and remote sensing algorithm validation. Some embedded plots (marked as category 2 auxiliary sites in Figure 2 ) were the focus of in situ measurement work which measured the variables needed to drive stand-level ecophysiological models, for example, sitelevel biomass, leaf photosynthetic rate, litter decomposition and quality, soil moisture, and temperature. Trace gas studies were conducted in both study areas with some specialized investigations in the NSA where some beaver pond sites and a collapsed palsa were instrumented to measure methane flux.
(Palsas are common features in the boreal landscape; they are shallow depressions in the land surface caused by melting of subsurface permafrost and subsequent collapse of the surface. Usually, palsas have high water tables which support typical bog vegetation cover such as sphagnum moss, sedges, bog birch, etc.) A remote sensing science program was implemented (see Table 4 and Plate 2) to characterize surface component optical properties from the leaf level (using laboratory spectroradiometers), to the canopy and stand level (using tower and helicopter-mounted spectrometers), to the study area and regional level (using aircraft and satellite platforms). Microwave scattering properties were determined at the canopy level using airborne radiometers and at the study area and regional levels using aircraft and satellite-based measurements.
A large multidisciplinary team of scientists was needed to cover the measurement and modeling requirements of the 
Airborne Fluxes and Meteorology (AFM)
Four aircraft were used to measure turbulent fluxes; sounding lidars and radars were also deployed (see Figure 3 and Table 2 ). One other aircraft was used for operations support in 1994 and 1996 and for CO2 concentration measurement work in 1996. Ten meteorological stations and a dense array of upper air radiosounding stations operated over the region during 1994, with their data being transmitted to operational meteorological centers for assimilation via the Global Telecommunications System. Several investigators, including some with close links to these centers, are using these data to improve mesoscale and global-scale atmospheric models. The surface network, a subset of the aircraft, and a few of the upper air stations also operated during 1996.
Tower Fluxes (TF)
The TF group's primary objective was to quantify the turbulent exchanges of energy and mass between the atmosphere and a variety of boreal forest surface covers and to investigate the processes controlling these fluxes. This work was designcd to be complementary to chamber observations and other process-oriented studies on smaller scales (TE, TGB) and aircraft studies (AFM, RSS) covering larger scales. The TF towers operated almost continuously during the growing season of 1994, measuring radiation, heat, water, CO2, and in some cases CH 4 and other trace gas fluxes; see Figure 2 for their location. Two of the sites, one in the NSA and one in the SSA, operated more-or-less continuously from the fall of 1993 onward to characterize the annual cycle of the energy fluxcs. Six TF sites operated during the growing season in 1996; see Figure 3 for the operating schedules.
Terrestrial Ecology (TE)
Over 20 teams examined the biophysical controls on carbon, nutrient, water, and energy fluxes for the major ecosystems in the boreal landscape and are developing models and algorithms to scale chamber measurements to stand, landscape, and regional scales. Much of the work was carried out at plots within the footprints of the TF sites, i.e., within the surface zones that contribute fluxes measured by the TF instrumentation, typically within a 200 m radius of the TF tower. An important focus for the TE group was the measurement of carbon cycle components. A number of free-standing towers (TE towers in Figure 2) were installed in the study areas to facilitate access to the forest canopy for Icaffbranch chamber measurements and other in situ work.
Trace Gas Biogeochemistry (TGB)
Ten TGB teams used chamber measurements and other techniques to characterize the flux of trace gases between the soil and the atmosphere, including CO2, CH 4 and nonmethane hydrocarbons (NMHCs). The TGB group also studied the long-term accumulation of carbon in boreal soils.
Hydrology (HYD)
The HYD group consisted of eight teams. Five focused on the measurement of snow hydrology components to support remote sensing algorithm development; two worked on catchment hydrological processes in the SSA and NSA using precipitation gage networks, stream gages, and a rain radar; and one team operated a program of almost continuous soil moisture measurements at the TF sites during the 1994 and 1996 growing seasons.
Remote Sensing Science (RSS)
The RSS group developcd linkages between optical and microwave remote sensing signatures and boreal zone biophysical parameters at scales that include leaf, canopy, and regional levels using ficld, aircraft and satellite-borne scnsors, and radiative transfer models. The TE and RSS groups collaborated in gathering a wide range of biomctric and radiometric data at the auxiliary sites (Figure 2 ). Several remote sensing aircraft were deployed in BOREAS 1994 and BOREAS 1996; see Table 4 and Figure 3. 
Staff
The science teams were supported by a staff of scientists and support contractors from the National Aeronautics and Space Administration (NASA); the Atmospheric Environment Services (AES), Canada; the Canada Center for Rcmotc Scnsing (CCRS); Parks Canada; the School of Forestry, Laval University; the School of Forestry, University of Wisconsin; and the Canadian Forestry Service. The BOREAS staff ovcrsaw the components of the project which required significant logistical effort, extended and/or routine monitoring work, or work that required the particular expertise and resources of onc of thc participating agencies. In the early stages of the project, the staff carried out the detailed site reconnaissance work and construction planning. During the field seasons, the staff dealt with the organization of the tield logistics and the day-to-day management of field operations. The staff monitoring program included automatic meteorological station network; upper air network; hydrology, snow, and soil moisture; auxiliary site work; biometry and allomctry; radiometric calibration: standard gases and gas calibration; thermal radiance intercomparison; global positioning system (¸PS) facilities.
The NASA staff wcrc also responsible fi•r implementing the BOREAS Information System (BORIS) which serves as a data organization, distribution, and short-term archiving center for the project. All in all. some 3(1(1 people wcrc working within or above the study areas in BOREAS 1994 and around 15() people participated in BOREAS 1996.
Experiment Execution
Many of the BOREAS measurements wcrc taken continuously; for examplc, the 1{) metc()rological stations took 15-min bTwo long-term towers: *heat, H20 , CO2, some trace gases; eight growing season towers: heat, H20 , CO2, some trace gases.
CPorometry and chamber photosynthesis, canopy and soil respiration, biometry, nutrient cycling, modeling. dTrace gas chamber measurements including methane and nonmethane hydrocarbons (NMHCs); studies of fire scars, beaver ponds, soil and moisture gradients; isotopes.
CSnow processes and snow remote sensing; catchment hydrology; soil moisture, canopy interception; hydrological modeling.
•Optical remote sensing (four aircraft), microwave/radar/gamma remote sensing (four aircraft), surface-based remote sensing studies, algo- there were a number of gaps in the 1993-1994 data set, and in addition the meteorological record showed 1994 to be an unusual year: a new record had been set for the longest frost-free period at Prince Albert National Park, while the NSA had experienced the driest year on record. A full account of the BOREAS 1994 field campaigns may be found in the work of Sellers et al. [1995b] .
During 1995 the decision was made to take additional field measurements during 1996 to fill the 1994 data gaps [Sellers et al., 1996c] . The BOREAS 1996 campaigns involved fewer aircraft and scientists on the ground than BOREAS 1994 as the objectives were strictly defined by shortcomings in the BOREAS 1994 data sets and important findings from early analyses. Particularly important was the decision to start TF measurements earlier (in March) and end later (in October) in 1996, compared with 1994, to better cover the growing season (Figure 3 ). This was done because the BOREAS 1994 modeling and measurement results indicated that variations in spring thaw and fall temperatures were critical in determining interannual variability in ecosystem productivity.
Overview of Papers in This Special Issue
The 83 papers in this special issue were contributed by the science groups listed in Table 1 . The papers have been organized into four major sections (see Table 3 ). The first three sections cover surface energy and mass exchange processes and the fourth final section is devoted to remote sensing science. The findings of these papers are summarized below.
Carbon-Water-Energy Fluxes
Carbon, water, and energy fluxes were measured in BOREAS using a comprehensive range of techniques ranging from leaf-scale observations made with chambers and porom- showing that the operational instrument has significant biases that could be important to surface climate studies. investigates the contribution of mesoscale circulations to the large-scale surface-atmosphere fluxes of heat, water, and momentum. They conclude that these contributions can be significant under low-wind conditions and are generated by the differences between the energy balances associated with the different surface types found in the region, for example, lakes, dry uplands, and wet forested areas. They argue that these mesoscale effects should be parameterized in large-scale atmospheric models.
Aircraft measurements, radiosondes, surface measurements and analyses were all used to explore exchanges among the land surface, the boundary layer, and the free atmosphere. Inversion-level (ABL-top) entrainment, the capture of air from the free troposphere into the ABL, is an important factor which affects many of these exchanges. Kiemle 
Trace Gas Fluxes
Carbon exchange (CO2, CH 4, and CO) was the principal focus of the TGB group, largely because of the great interest in the carbon balance of the boreal ecosystem but also because early measurements showed that the fluxes of nitrogen gases were small except in very recently burned areas. Most of the BOREAS trace gas studies were conducted within the NSA, which can be roughly divided into drained upland sandy soils usually dominated by jack pine and aspen; less well drained clay-rich soils dominated by black spruce; and wet peat soils dominated by sphagnum and sedges (Figure 12) . TGB measurements were focused at the NSA tower sites, some landscape transects, a chronosequence of sites disturbed by fire, Comparisons of the airborne observations with TDR probes at the SSA-OA site showed that the aircraft measurements consistently underestimated (by a factor approaching 2) the near-surface measurements taken by TDR. However, the flight line was some distance (almost 1 km) from the tower, so spatial variability may explain at least part of the difference. In the vicinity of the SSA-OJP site, the aircraft and in situ measurements agreed more closely. Especially during the dry periods, spatial variability of soil moisture in this area was quite low. Attempts to compare in situ and aircraft surface moisture observations at the SSA-OBS site were abandoned due to the periodic presence of surface water, and moisture storage in the moss and peat layer which are not measured by the TDR techniques. However, gravimetric surface soil and moss/peat moisture transects collected for calibration of the aircraft measurements showed that large spatial differences in soil and other surface moisture (e.g., moss) contents exist within the "footprint" of the SSA-OBS site, which must be taken into account when relating the SSA-OBS tower flux measurements to ground data. Simulations performed by using a spatially distributed hydrology model showed that spatial averages as well as local estimates of surface energy fluxes were quite sensitive to the use of radar-based precipitation images as compared with a gage-only product. However, when the effects of spatial resolution were isolated (by using only the radar precipitation product at different spatial resolutions), the sensitivity of area-averaged (over the 40 x 50 km southern modeling subarea) energy fluxes to the precipitation product was generally less than about 10%. However, local differences were much more sensitive to the spatial resolution of the precipitation product.
Plate 2. Use of regional remote sensing to monitor (a) land cover and fire disturbance from Steyaert et al. [this issue]; (b) regional FPAR from Cihlar et al. [this issue]; and (c) soils freeze-thaw status from Way et al. [this issue] (image brightness proportional to radar return rendering dark areas as frozen sites and light areas as thawed). SELLERS ET AL.' BOREAS IN

Davis et al. [this issue (b)] performed a sensitivity analysis to
Remote Sensing Science
Remote sensing served three critical roles in BOREAS. First, it provided local-to regional-scale land cover data and solar radiation forcings which allow us to investigate the processes governing forest-atmosphere interactions on timescales ranging from minutes, with the GOES satellite, to decades, with the Landsat series of satellites. Second, ground, aircraft, and satellite data (Table 4) were used to develop and test ecosystem-atmosphere process models. Finally, remote sensing images were processed to define the overall context and representativeness of the study regions with respect to the boreal forest biome as a whole (Figure 16 and Plate 2).
In support of these goals, RSS investigators acquired measurements of reflectance, emittance, and backscattering properties of forest canopies and background, and atmospheric scattering from the leaf to the regional scale. In parallel, a significant amount of ancillary validation data on forest stand and soil biophysical properties was acquired in situ (Table 4) 
Kucharik et al. [this issue] utilized a two-band visible and near-infrared (NIR) digital charge-coupled camera, the multiband vegetation imager (MVI)
, to map the nonrandomness of canopy gaps, i.e., the spatial "clumping" of leaves. As mentioned above, the spatial distribution of leaves is a key parameter for optical LAI-measuring devices which relate gap fraction to LA!; the distribution may also be critical to parameterizing canopy CO2 assimilation models and RT models relating canopy reflectance to biophysical parameters. Aspen and balsam poplar canopies were imaged from below with the MVI to generate an NDVI image, which permitted the identification of sunlit and shaded foliage, discrimination among live foliage, twigs and branches, and sky-cloud discrimination. Analyses of the imagery showed that an assumption of spatially random foliage leads to underestimates of LAI in aspen by about 45%, which then leads to underestimates in CO2 assimilation rates by about 39%. 6.4.2. Radiative transfer models and algorithm development. The most direct approach to using RT models in inferring biophysical characteristics of the land cover is through mathematical inversion of the RT model given a set of reflectance measures. However, this approach is often limited by the number of parameters in the RT model, which in many cases exceeds the number of remote sensing measurements necessary for inversion. To circumvent this problem, sensitivity analyses often reveal which parameters can be held fixed with minimum impact to the inversion, thereby reducing the number of bands required for inference.
BOREAS investigators and staff acquired validation data sets which are ideal for evaluating different direct inversion techniques. Privatta at al. [this issue] describe some of the above-canopy measurements acquired in BOREAS with the PARABOLA instrument, a three-band radiometer capable of rapidly acquiring reflectance measurements over the entire viewing hemisphere. PARABOLA was used to collect BRDF data sets at the BOREAS SSA aspen, black spruce, and jack pine flux tower sites (SSA-OA, SSA-OBS, SSA-OJP) using a 100-m-long tram-mounted system elevated several meters above these canopies. The observed BRDFs were used to evaluate the performances of 10 different RT models in predicting albedo and nadir reflectance over nine land cover types ranging from grasslands at the FIFE site to the forest data sets of BOREAS. Their findings provide an important lesson for large-area remote sensing algorithms. They show that simpler RT models using fewer parameters may be both faster and more robust for inversion than complex RT models, even though the simpler models do not represent the BRDF as well. They attribute this to the fact that with simpler models, more accurate inversions are possible with sparse remote sensing data sets. 6,4.3. Landscape-scale land cover and biophysical characteristics algorithms. A number of BOREAS investigations developed and produced multiyear site-level, study area level, and regional-scale maps of radiation and biophysical parameters. This parameter set was defined by joint efforts between the BOREAS modeling group and the RSS investigators, identifying those land cover classes and radiation parameters considered to be essential as inputs to the process models and also spectrally separable using remote sensing multispectral, multidate reflectance measurements (see Figure 17) . Hall In terms of the personnel and resources involved, BOREAS is roughly 3 times the size of the FIFE experiment Hall and Sellers, 1995] and was also conducted over a much larger, sparsely populated area. Operations often involved coordinated activities by over 200 people and up to 10 aircraft at a time over the two study areas. The BOREAS data set is estimated to be roughly 5 times the size of the FIFE data set and is considerably more complex. Likewise, the science in BOREAS spans a wider range of disciplines than in FIFE. However, the management and staff head count for BOREAS is almost the same as it was for FIFE, which was possible due to the experience of many of the veteran staffers and scientists involved, improved procedures, and the use of better technology for communications, data collection, and data compilation.
Goal at al. [this issue] demonstrate a computer-based simu-
Of these factors, experience was probably the most significant in terms of augmenting efficiency.
BOREAS is a large enterprise and therefore inevitably serves as a test case for what "big science" (i.e., large-scale, interdisciplinary, coordinated) projects can and cannot do. So far, the indications are that as in FIFE and similar projects, the sum will be much greater than the parts in terms of scientific dividends. A data set is being constructed which will link our understanding of small-scale biological processes to zonal climate variations and the global carbon cycle. The multiscale design of the experiment will permit rigorous testing of the scaleintegration techniques that will be employed in the process.
Most of the papers in this special issue report on data acquisitions, data analyses, or the results of preliminary modeling studies. On the basis of previous experience (see, for example, Sellers and Hall [1992] and Hall and Sellers [1995] ), another couple of years will see integrated studies carried out using multiple data sets from all the contributing disciplines in BOREAS. These follow-on studies are expected to directly address the goals of BOREAS and are discussed in section 7.5. However, even at this early stage in the analysis phase of the project, some important scientific findings have emerged.
The papers in this special issue and the synopses of chapter 6 are organized by scientific subdiscipline and spatial scale. lite-borne radar has been shown to provide useful information about these transitions which are important for both climate and carbon models. Correct representation of soil moisture and surface hydrological processes in AGCMs and regional hydrological models is obviously crucial, and it has been observed that small variations in the hydrology of this biome can have significant effects on the carbon and trace gas budgets. The BOREAS hydrological studies were well integrated with tower flux measurements and have been used as an independent check on the growing season latent heat fluxes as well as furthering our understanding of soil moisture controls on evapotranspiration.
The radiation budget of the forest can be estimated with good accuracy from satellite observations processed by algorithms which were refined using BOREAS data. However, the It should be emphasized that at this early stage in the analysis, inferences of boreal carbon flux at the global scale from the BOREAS sites can only serve to show that we cannot rule out the boreal ecosystem as an important global carbon sink. Clearly, the dynamics and strength of carbon sequestration differ by land cover type, climate, soils, topography, and many other factors that are more aptly captured using satellite extrapolations combined with ecosystem process models. For example, small chamber measurements highlighted the large spatial variability in soil and moss carbon effluxes which appear to be highly dependent on soil moisture content and litter quality. Beaver ponds were observed to be very strong sources of CO2. The observed lags between carbon uptake by photosynthesis, which is confined to the short growing season, and carbon loss by respiration, which continues throughout most of the year, emphasize the need to correctly model the different controls on carbon sinks and sources in large scale models. Cihlar The biometric studies showed that the aboveground net primary productivity (ANPP) of the boreal forest is relatively small and the aboveground carbon stocks are low compared with temperate and tropical ecosystems. However, large amounts of carbon are stored in wetlands, and these stores are sensitive to climate change. With regard to the annual carbon balance, we are presented with a picture of an ecosystem operating very close to the margins of carbon profit and loss, with growing season length and summertime temperatures perhaps being the deciding factors. Sequestration of carbon by any ecosystem is a nonequilibrium process. In the longer term, changes in fire frequency, climate regime and vegetation succession patterns, and warming and drying of boreal soils with associated increases in respiration could greatly alter or even reverse the "boreal carbon sink" scenario described above.
Follow-on analyses of ecological data collected during BOREAS will provide valuable insight into the mechanisms driving future changes.
Ecology
The future course of carbon dynamics in the boreal zone is thought to depend on variations in the physical climate in the near term and on ecological responses in the midterm and long term. Will warming drive the boreal ecosystem to a higher productivity state, populated by plant communities that can sequester higher levels of carbon than the present boreal communities, or will a new low-productivity equilibrium be achieved limited by the paucity of the boreal soils? Paleoclimate studies reveal that this ecosystem migrated to much more southerly latitudes during the last glaciation, then retreated to its present northerly position as the ice receded. Will the anticipated rapid warming induce ecological instabilities, resulting in rapid carbon loss from the great reserves of carbon in the largely anaerobic conifer wetlands before other plant forms can either fix the carbon in their living biomass or act as agents in stabilizing the soil? To understand these longer-term dy- The remote sensing science and ecological research will lead to better classification schemes and more accurate specification of biophysical parameters over the entire boreal zone; see two boxes in top right of figure. The combination of improved models, global parameter fields, and large-scale validation data sets will result in greatly enhanced simulations of physical climate system fields (temperature, precipitation, etc.) and carbon cycle flows for the biome. These spatially resolved fields can be area integrated and compared to zonal-scale inferences about the boreal carbon cycle provided by atmospheric isotopic analyses and CO2 tracer models; see bottom half of figure. In this way we hope to bridge the gap that currently exists between our understanding of small-scale physiological processes and global-scale inferences about the carbon cycle.
role of the boreal ecosystem in global change (Figure 19 ). (Figure 16 ). These maps should prove to be invaluable in scaling models and hypotheses from the plot level to the region.
Future Research Directions
Over the next few years, BOREAS data sets will be used to improve many of the critical process submodels needed for land-atmosphere models and carbon balance calculations. In particular, the BOREAS follow-on program will encompass efforts to improve radiative transfer models, leaf-and canopyscale photosynthesis-conductance models, canopy, root and soil respiration models, soil moisture and surface hydrological schemes, and surface-atmosphere turbulent transfer models. The integrated nature of the BOREAS data sets will permit rigorous testing of the performance of these process models, together and in isolation from each other, over the diurnal and seasonal cycles (Figure 20) .
With respect to weather and climate models, a critical shortterm task is to apply the BOREAS data set to further improve numerical weather forecasting by improving land surfaceatmosphere transfer codes. Tests of coupled photosynthesisconductance models against BOREAS data have indicated that these schemes are robust and will lead to improved surface evapotranspiration estimates for the AGCMs. Incorporation of better albedo values has already improved the performance of a leading operational forecast model; further performance improvements are expected when satellite-based estimates of albedo are incorporated, permitting these models to respond seasonally to the effects of snow and vegetation phenology. BOREAS provided new data on the effects of smoke and associated atmospheric aerosols on the surface radiation balance. These effects were more widespread and severe over the biome than was previously thought (see also Sellers et al. [1995b] ). GCM radiation codes may need to include this effect. A final area of improvement in weather and climate forecasting should result from incorporating improved parameterizations of boundary layer dynamics utilizing BOREAS radiosonde and aircraft measurements.
In carbon models the long-term trends and interannual variability in carbon dynamics for the biome appear to be driven primarily by the timing of snowmelt and the summer air temperatures. Incorporation of improved snowmelt models into regional and global carbon balance models should help us to understand these dynamics and thus better simulate the annual atmospheric CO2 signal. In terms of growing season carbon fluxes the photosynthesis models seem to be realistic, but it is essential to improve the respiration models not only for the aboveground components but also for the roots, litter, and soils. Finally, the effects of fire and disturbance are important to understand. Scaling studies involving point models and remote sensing will be key to gaging the effects of disturbance at the regional scale.
BOREAS has catalyzed several advances in remote sensing algorithm development which now enable us to monitor boreal vegetation by type and state and to track changes that may be due to fire, direct human activity, or climate change. . These pilot products will be expanded to cover the 15-year AVHRR record and will allow us to develop time series fields of land cover, biophysical parameters, phenology, and snow cover. All these can be compared with the physical climate record and to seasonal and interannual variations in atmospheric CO2 concentration. AVHRR data will also be used to monitor changes in the fire disturbance regime over the same period. The radiometric quality of the AVHRR data series will have to be enhanced to meet these tasks; this requires the development of techniques for improving long-term calibration and atmospheric correction of the data. The MODIS/MISR and other sensors to be launched aboard the EOS-AM platform in mid-1998 should provide significant additional capability for monitoring land vegetation and should be merged with the A VHbtbt data stream to produce a seamless monitoring data set into the 21st century. Finally, the use of radar satellites such as ERS-1 and JERS-1 will be used to monitor the interannual variability in the freeze-thaw boundary in the boreal ecosystem, shown to be a key factor in the interannual variability of the carbon flux. To take advantage of the different attributes of optical and radar sensors, further remote sensing research and development is required; in particular, data fusion algorithms, which combine optical and microwave sensors as well as other data such as topographic data, could bc developed to provide richer information about the biomc.
Enhancement of land-atmosphere process models and largescale parameter quantification using satellite data would be considerable achievcmcnts for BOREAS.
Success in these two areas is almost certain, based on the early results and work in progress. However, the real prize for BOREAS would be to incorporate the improved process models and remote sensing data sets within large-scale energy-water-carbon models to calculate surface-atmosphere fluxes of these quantities for the biome over the period of record of the earth-observing satellites, say from 1980 to the present day (see the bottom half of Figure 20 ). For this calculation the surface state should be constrained by satellite data, while the atmospheric conditions are specified from meteorological analyses or via direct coupling with an AGCM. Incorporating the role of fire in a carbon cycle model represents a real challenge, particularly when it comes to predicting changes in fire frequency, areal extent, and intensity as a result of climate change; the satellite and meteorological data records of the last 25 years are essential resources for addressing this problem. Initially, it is very unlikely that these integrarive models will correctly simulate the value or even the sign of the net carbon flux for the biome, but they should be capable of reproducing interannual variations in the flux, superimposed on a relatively invariant bias. 
